ABSTRACT: This research was designed to investigate the fracture healing pattern in a rheumatoid arthritis (RA) rat model. A midshaft femur fracture (RA þ F) model and normal fracture (NF) model as control were established. Micro-CT, H&E staining, TB staining, SO staining, tartrate-resistant acid phosphates, and immunohistochemistry test were performed. In the micro-CT images and H&E stains, fracture gaps were evident in the RA þ F group 4 and 8 weeks after fracture. In detail, the bone mineral density, the ratio of bone volume to tissue volume, and trabecular thickness of the RA þ F group were significantly lower than those of the NF group at all time points. Trabecular number value was significantly lower in the RA þ F group 4 weeks after surgery in comparison with that of the NF group. Furthermore, the structure model index test result of the RA þ F group was significantly higher than that of the NF group at all time points. TB staining and SO staining test results showed that the NF group had more cartilaginous callus in the earlier stage of bone healing process (4 weeks), and less cartilage callus formation in the later stage (8 weeks) in comparison with that of the RA þ F group. Osteoclasts statistics score in the NF group were obviously lower than that of the RA þ F group at all time points. MMP-3 and OPN protein levels of the fracture area in the RA þ F group were significantly higher than those in the NF group. This study improves the understanding of the bone healing characteristics in patients with RA. ß
Bone fracture is extremely common in daily life. Critical fracture requires healing through clinical therapy, and more than 5% of these fractures undergo impaired healing, which results in non-unions and severe disabilities. 1, 2 The individual configuration and physical aspect of the bone and the inflammation of surrounding soft tissues and periosteum also play a role in fracture healing. 3, 4 In particular, fractures are at risk of inflammation infection and difficult to heal because of these factors.
Rheumatoid arthritis (RA) is associated with increased risk of fractures. In particular, fractures are more prevalent in patients with RA than in the general population. 5 Low body mass index increased age, decreased bone mineral density (BMD), and corticosteroid usage are associated with fracture in RA. 6, 7 Moreover, osteoporosis and system inflammation are well-known features of RA. Many reports have demonstrated that osteoporosis is closely related to pro-inflammatory cytokines, including tumor necrosis factor (TNF)-a, interleukin-1, and interleukin 6. 8, 9 In chronic inflammatory states of RA or CIA, this proinflammatory cytokines and receptor activator of NFkB (RANK) and its ligand (RANKL) are produced by activated T cells and macrophages. 10 These cytokines induce RANKL over-expression in osteoblasts and bone marrow stromal cells. Excess RANKL induces an imbalance between bone resorption by osteoclasts and bone formation by osteoblasts. This imbalance of bone turnover may be responsible for the osteoporosis. 11 These factors are also accounted for the slow healing of fractures of patients with RA. Furthermore, clinical observation showed that patients with RA and with fracture history are prone to re-fracture than the normal population, and the bone healing process in patients with RA is slow and impaired. Thus, exploring the bone healing patterns in RA condition can assist fracture therapy. In this regard, we conducted a collagen-induced RA model in rats to study the fracture repair pattern.
MATERIALS AND METHODS

Animal
Thirty-five female Wistar rats (8 weeks old) were supplied by Beijing Vital River Laboratory Animal Technology Co., Ltd. (Beijing, China). All animals received a standard laboratory diet and water and were housed in cages of a central animal house with 12 h day-night light condition, 60% humidity, and room temperature of 21˚C. The experimental protocol was approved by the Laboratory Animal Ethical and Welfare Committee of the Shenzhen Institute of Advanced Technology, Chinese Academy of Science.
Collagen-Induced Arthritis (CIA) Induction in Rats Twenty Rats were immunized to induce arthritis with collagen type II. The method was used for CIA induction with some modifications. According to Brand et al. 12 and briefly described below, bovine collagen-II (CII) (Chondrex, Redmond, WA, 2002, dissolved in 0.05 M acetic acid) was mixed and emulsified with isovolumic incomplete Freund's adjuvant (IFA) (Chondrex, 7002). Then, 200 ml of the CII-IFA emulsification solution was intra-dermally injected into the tail of each rat. The injection site was about 1 cm away from the root of the rat tail. Ten days after the first immunization, another 100 ml of the CII-IFA emulsification solution was intra-dermally injected as a booster immunization into the opposite side of the tail of each rat. In order to determine whether arthritis is present, the rats were observed three times a week by the same experimenter. Rats were identified as CIA when erythema and swelling were obviously observed at least on digit and/or paw.
The semi-quantitative score of the severity of arthritis was completed as follows: 0 ¼ normal joint, 1 ¼ redness and swelling of one joint, 2 ¼ redness and swelling of more than one joint, 3 ¼ redness and swelling of the whole claw, and 4 ¼ joint deformity and/or rigidity. Accumulated scores for all four claws in each animal were used to indicate the severity and progression of the disease.
Surgical Operation
Fifteen days after the onset of arthritis, all rats (CIA and normal) in this study were anesthetized with pentobarbital sodium (1 mg/ml, 500 ml/100 g body weight) by intra-peritoneal injection. Open fracture was created to the right femur through the surgical protocol described by Diwan. 13 Briefly, about 2 cm incision was made on the lateral aspect of the right thigh under aseptic surgical technique. Muscles and periosteum were sharply incised, and subperiosteal muscles were dissected. Fracture in the middle of femur was made with a saw. Then, osteotomy was fixed by using a 1.0 mmdiameter stainless steel Kirshner wire (K-wire), which was passed retrograde into the proximal fragment and then into the medullary canal of the distal fragment; after surgery, infection was observed during the entire experiment.
Micro-Computed Tomography (Micro-CT) Measurement
At different time points (4 and 8 weeks) after surgery, the right femurs were harvested and mounted in sample holders after sacrificing the rats with overdose pentobarbital sodium. Then, femurs were scanned by micro-CT (Skyscan 1176, Bruker, Belgium), The obtained imaging data were analyzed and reconstructed by using a software provided by the Bruker company. The scanning parameters used in this study were as follows: 18 mm resolution, Al 1.0 mm filter, 60 KV voltage, and 380 mA current. The following bone-related parameters, such as the ratio of bone volume to tissue volume (BV/TV), trabecular thickness (Tb.Th), trabecular number (Tb.N), structure model index (SMI), and BMD were detected for all the samples.
Histological Staining
The rats were killed by overdosing them with pentobarbital sodium and isolate sample. Their bone tissues were then fixed in cold paraformaldehyde solution (4%) for 24 h, and then decalcified in 0.5 mol/L EDTA solution (PH ¼ 7.2) at room temperature for about 30 days. Subsequently, the tissues were embedded in paraffin, and horizontal sections were performed (Leica RM2245, Wetzlar, Germany). Paraffin sections (5 mm) were stained by using a hematoxylin and eosin staining (H&E) staining kit (Nanjing Jancheng Technology Co., Ltd., Nanjing, Jiangsu, China). Quantitative analysis of H&E staining results we follow the method reported by Leung et al. 14 The region of interest(ROI)we chose to cover 0.6 mm proximal and distal to the fracture line (total area is 1.2 mm). The external callus tissues within the ROI were quantified as total callus area (TCA) while the cartilaginous callus area (CCA) was manually defined using Image-Pro plus 6.0 software. The percentage of CCA in callus area was expressed as CCA/TCA. Two stained sections were randomly selected for each rat and six different areas for each section. Each group included 12 samples.
Toluidine blue (TB) staining and safranin O (SO) staining were performed to determine the proteoglycan changes in the cartilage matrix of the fracture areas. These staining techniques were performed according to the manufacturer's instructions (Beijing Leagene Biotech. Co., Ltd., Beijing, China). An Olympus BX53 microscope (Tokyo, Japan) was used to obtain all the images. The photographs were then quantified using the Image-Pro plus 6.0 software (Media Cybernetics, Inc, Rockville, MD). Two stained sections were randomly selected for each rat, and each group included 12 samples. The positively stained area was quantified.
Tartrate-resistant acid phosphate staining kit (Sigma, St. Louis, MO) techniques was used according to the manufacturer's instructions. Olympus BX53 microscope was used to obtain all the images. All the indicators of the scores were tested by at least two experimenters, and the average scores were obtained. Quantification of osteoclasts was based on the following scores 15, 16 : 0 ¼ no osteoclasts; 1 ¼ small amount of osteoclasts present (lining fewer than 5% of most affected bone surfaces), 2 ¼ a plurality of present (lining 5-25% of most affected bone surfaces), 3 ¼ a large number of osteoclasts were present (lining 30-50% of most affected bone surfaces), 4 ¼ massive osteoclasts were present (lining >50% of most affected bone surfaces). Two stained sections were randomly selected for each rat and six different areas for each section. Each group included 12 samples.
Immunohistochemistry
Immunohistochemistry staining for matrix metalloproteinase (MMP-3) and osteopontin (OPN) were performed. After the sections were de-paraffinized, rehydrated, and washed, the sections were then antigen-retrieved by pepsin and incubated with 0.3% hydrogen peroxide for 10 min to block endogenous peroxidase activity. Protein block was applied and incubated for 10 min at room temperature to block nonspecific background staining. The sections were incubated in 1:500 anti-MMP-3 antibody (Abcam, Cambridge, MA, ab53015) or 1:200 anti-osteopontin antibody (Abcam, ab8448). Afterward, the 
RESULTS
Animal Model
RA symptoms were presented in 14 of 20 immunized rats 14 days after secondary immunization. Significant redness and swelling of joints were observed in the CIA rats (Fig. 1B) . Then, we conducted open fracture surgery at femoral shaft. After surgery, 12 rats without infection were considered as a successful midshaft femur fracture (RA þ F) model, and 12 rats of normal fracture (NF) model served as control.
Micro-CT Measurement
Bone healing in the fractured areas was observed at different time points through the 3D model constructed by SkyScan's analysis software in the RA þ F and NF groups. Four and 8 weeks after surgery, fracture healing was better in the NF group than the RA þ F group. Delayed bone healing was observed in the RA þ F group in each observation time point, and fracture gap was evident in the RA þ F group 8 weeks after surgery (Fig. 2A) . The BV/TV and BMD values of the RA þ F group were lower than those of the NF group 4 and 8 weeks after surgery (p < 0.01, Fig. 2B and C) . Simultaneously, Tb.Th and Tb.N values were lower in the RA þ F group 4 weeks after surgery in comparison with those of the NF group (p < 0.01, Fig. 2D and E) , and a significant difference in Tb.Th was found between the RA þ F group and the NF group 8 weeks after the surgery (p < 0.05, Fig. 2D ). However, for the Tb.N value, no significant difference was found between the groups 8 weeks after the surgery (Fig. 2E) . The SMI value of the RA þ F group was significantly higher than that of the NF group 4 and 8 weeks after surgery (p < 0.01, Fig. 2F ).
Histological Analyses
H&E staining results showed that the recovery of the RA þ F group became significantly worse than that of the NF group 4 and 8 weeks after fracture (Fig. 3A) . The gap in the RA þ F group was observed 8 weeks after fracture. By contrast, mature lamellar bone was observed in the fracture area of the NF group in the same period and exhibited increased integrity and FRACTURE HEALING RADIOLOGY AND HISTOLOGY EVIDENCE contained thick and continuous calluses. No evident fracture gap was observed in the NF group 8 weeks after fracture (Fig. 3A) . Quantitatively, significantly larger CCA/TCA were observed in RA þ F group at 4 and 8 weeks (p < 0.01, Fig. 3B ). SO staining and TB staining were performed for the assessment of cartilaginous matrix distribution. As shown in Figure 4A and C, the SO staining indicated that the positive area of the NF group was higher than that of the RA þ F group with visual observation at the 4th week. However, no significant difference was found. TB staining results showed that cartilage thickness of fracture area in the RA þ F group became significantly less than those in the NF group at the 4th week (p < 0.05). Meanwhile, 8 weeks after fracture, the results showed that the cartilage was remarkably reduced in the NF group in comparison with that in the RA þ F group, as shown in the of SO staining and TB staining (p < 0.05, Fig. 4B and D) .
A large number of osteoclasts that adhered to the cartilage matrix of the fracture area were found in the RA þ F group 4 and 8 weeks after surgery (Fig. 5A) . Osteoclast statistics score in the fracture area of the NF group was lower than that of the RA þ F group at different time points (p < 0.01, Fig. 5B ).
Immunohistochemistry Analysis of MMP-3 and OPN Protein Expression
The MMP-3 protein levels in the fracture areas of the RA þ F group were significantly higher than those in the NF group 4 (p < 0.01) and 8 weeks (p < 0.05) after fracture ( Fig. 6A and B) . Also, the result showed that the OPN levels in the fracture area of the RA þ F group were significantly higher than those of the NF group 4 (p < 0.05) and 8 weeks (p < 0.05) after fracture ( Fig. 7A and B) .
DISCUSSION
Fracture repair is a complex process and mainly includes the following phases: Granulation tissue formation, callus formation, and bone remodeling. [17] [18] [19] These stages are important for the complete restoration of bone structures and functions after fracture. In clinics, many patients with fracture eventually experience impaired healing, which includes delayed union, non-union, and other complications. 20 These complications seriously affect their health and quality of life. RA is a chronic autoimmune disease that causes inflammation and joint destruction and affects approximately 1% of the general population. Inflammation is the main characteristic of RA and is associated with focal bone erosion at the joint, systemic bone loss, and osteoporosis. 21, 22 Moreover, patients with RA had a higher risk of fracture than those without and thus are more difficult to heal. In this study, we successfully designed a new rat model of CIA associated with open fracture in the femur and then determined its bone healing characteristics on the basis of radiology and histology indices.
First, significantly delayed bone healing was observed in the RA þ F group 4 and 8 weeks after fracture. As fracture healing progresses the CCA were found significantly lower in the NF group, indicating that most of callus has been mineralized and woven bone replaced the cartilaginous tissue with complete bridging by osseous tissue in the normal condition. 14 With regard the microstructure of the healing callus, most of the indices, including BV/TV, BMD, Tb. Th, and Tb. N values of the RA þ F group were significantly lower than those of the NF group at different time points after fracture. However, the SMI of the RA þ F group 4 and 8 weeks after fracture was FRACTURE HEALING RADIOLOGY AND HISTOLOGY EVIDENCE significantly higher than that of the NF group. These data were confirmed by recent reports, which suggest that osteoporosis can delay bone healing in humans and animals. 23 This result indicated that RA-related osteoporosis should be one of the most important factors that lead to delayed bone healing process in RA patient.
Second, for further study, histological observation verified delayed fracture healing and inferior callus in CIA animal. Joint inflammation is a major characteristic of RA, and an inflammation may develop in other body sites many years before the onset of joint inflammation. 21, 24 Disease activity inflammation, lack of mobility, and long-term use of a large number of anti-rheumatoid drugs are the main factors that increase the risk of fracture. In the bone-healing process, mesenchymal cells (MSCs) initially undergo differentiation into chondrocytes, which in turn differentiate into osteoblasts that form bones. 25 In the present study, histology showed that the RA þ F group formed cartilaginous calluses to a less extent than the NF group 4 weeks after surgery, indicating that RA þ F group enter into cartilaginous ossification later and has less cartilaginous callus in the early stage of bone healing process. However, more cartilaginous calluses was found in the RA þ F group compared with the NF group in the later stage of bone healing process, indicating that the RA þ F group enter into calcified ossification later than the NF group.
A complete bone formation process requires the balance between inflammatory cytokines 26 and MSC levels. 27 Fracture healing is delayed when an imbalance between these factors occur because of increased and prolonged inflammation. Many pro-inflammatory cytokines induce osteoclast activation and stimulate osteoclast differentiation and are thus essential to bone formation. Imbalance between bone resorption and bone formation may disturb the remodeling process. 28 Therefore, the number of the osteoclasts may reflect the balance between the inflammatory cytokines and MSC levels. In our research, more osteoclasts were found in the RA þ F group at different time points comparison with the NF group, This finding indicates that the balance between the inflammatory cytokines and MSC levels was disrupted in the RA þ F group, possibly delaying the bone healing process.
Third, endochondral ossification that occurred in the bone healing process is accompanied by extensive matrix degradation and remodeling. Human MMPs, which are zinc-dependent endonucleases, function predominantly in the degradation and reconstruction of extracellular matrices. In this research, we focused on the expression of MMP-3, a member of the MMP family, which is secreted by synovial cells, chondrocytes, and endothelial cells that degrade proteoglycan, fibronectin, laminin, gelatin, casein, and some collagens. 29 Several studies suggest that MMP-3 is associated with bone formation.
30,31 MMP-3 participates in inflammatory cytokine production and osteoporosis, and mostly regulates bone destruction. MMP-3 level was elevated in the noncollagen matrix components of the joints with arthritis. [32] [33] [34] In this research, over expressed MMP-3 level was found in the RA þ F group in the latter stage of the bone healing process in contrast to the NF group, where the overexpressed MMP-3 level was observed at the early stages. This finding indicates the delayed bone healing process of the CIA model, and this process is in accordance to the results of H&E staining, SO staining and TB staining. Thus, the overexpressed MMP-3s in the later phase of the bone-healing areas of the RA þ F group should be a crosslink of the arthritis-induced delay of the fracture healing process.
Fourth, OPN is one of the major non-collagenous extracellular matrix proteins in bones and exacerbates inflammation in several chronic inflammatory diseases. 24, 35 Moreover, OPN, which is mainly produced from bones, is involved in inflammation, immunity, wound repair, and osteoclastic bone remodeling, 36 and may thus regulae mineralization. 24, 37, 38 In our study, the OPN level in the unhealed fracture regions in the RA þ F group was higher than that of the NF group, suggesting that OPN overexpression has an extremely close relationship with the delayed bone-healing process in patients with RA. The result was consistent with a former research, which states that OPN facilitates bone resorption and consequently decreases bone mineral crystallinity and content during calcium deficiency. 39, 40 It has been reported that fracture healing in RA patients is a complex issue, and its molecular mechanism is not fully understood in clinics. 41 Therefore, fracture healing is a complex process. Inflammation, repair, and remodeling are simplified as three consecutive stages of bone healing, and these stages have different influencing factors. 42 The complex processes of bone healing are biologically intertwined with those of acute inflammation and innate immune system. 43, 44 Therefore, chronic inflammatory conditions, especially RA, may considerably affect bone healing. Determining the pattern of bone healing in RA condition is helpful for the clinical understanding of the pathology of bone healing in patient with RA. Although CIA model cannot replace the RA patient completely, due to the similar pathological process, our research may provide information to the orthopedic surgeon to determine the external or internal fixation time to some extent. This research suggests that longer fixation time for the fracture patients who suffered from RA are needed compared with the common fracture people in clinics. 
FRACTURE HEALING RADIOLOGY AND HISTOLOGY EVIDENCE
In summary, we provided for the first time histology and radiology evidence that RA condition delays bone healing. Our research may explain why patients with RA undergo a longer bone healing process and are more prone to re-fracture than normal individuals. These findings may provide a guideline that can assist doctors to handle patients with RA and with similar fractures.
